The dwarf galaxies around the Milky Way are distributed in a so-called vast polar structure (VPOS) that may be in conflict with Λ cold dark matter (ΛCDM) simulations. Here, we seek to determine if the VPOS poses a serious challenge to the ΛCDM paradigm on galactic scales. Specifically, we investigate if the VPOS remains coherent as a function of time. Using the measured Hubble Space Telescope (HST) proper motions and associated uncertainties, we integrate the orbits of the classical Milky Way satellites backwards in time and find that the structure disperses well before a dynamical time. We also examine in particular Leo I and Leo II using their most recent proper motion data, both of which have extreme kinematic properties, but these satellites do not appear to drive the polar fit that is seen at the present day. We have studied the effect of the uncertainties on the HST proper motions on the coherence of the VPOS as a function of time. We find that 8 of the 11 classical dwarfs have reliable proper motions; for these eight, the VPOS also loses significance in less than a dynamical time, indicating that the VPOS is not a dynamically stable structure. Obtaining more accurate proper motion measurements of Ursa Minor, Sculptor, and Carina would bolster these conclusions.
INTRODUCTION
A topic of recent interest and controversy is that concerning planes of dwarf galaxies in the Local Group. It has long been understood that an apparent plane of dwarf galaxies resides around the Milky Way very near the galactic poles, deemed the Vast Polar Structure (VPOS, Kunkel & Demers 1976; Lynden-Bell 1976; Kroupa et al. 2005; Zentner et al. 2005; , and recent work (Conn et al. 2013; Ibata et al. 2013 ) have also found a thin distribution of corotating galaxies around M31. Work by Shaya & Tully (2013) found that 43 of the 50 Local Group satellites within 1.1 Mpc are contained within four different planes. The observations of these planar structures appear to challenge the current Λ cold dark matter (ΛCDM) theory of hierarchical structure formation and call into question its validity (Kroupa et al. 2005; Pawlowski et al. 2015) .
Following the initial impression of the VPOS as a challenge to ΛCDM, various authors have examined the effects of large-scale structure and baryonic physics on the VPOS, and have investigated its statistical significance relative to cosmological simulations that in fact do not manifest purely ⋆ E-mail: awl6964@rit.edu (AL) isotropic distributions, as assumed earlier by Kroupa et al. (2005) . Zentner et al. (2005) showed first that an isotropic distribution of sub-haloes is not the correct null hypothesis for testing ΛCDM (even for dissipationless simulations), and showed that the origin of the flattening may be due to the preferential accretion of satellites along the major axis of the halo. Further insight into this problem was obtained by works such as Shaya & Tully (2013) and McCall (2014) , which have examined how the cosmic web affects sub-galactic structures. Shaya & Tully (2013) found that the planar structure of the Local Group dwarfs is consistent with large-scale structure and due to the evacuation of the Local Void. Similarly, Libeskind et al. (2015) showed that the alignment of the Local Group dwarfs along the shear field agrees with the ΛCDM paradigm. Wang et al. (2013) have shown that in terms of spatial distribution, the Milky Way satellite plane is only in the 5-10 per cent tail of this distribution of planes found in simulations. Cautun et al. (2015) found a similar solution for both the Milky Way and M31 planes and state that the rarity of the observed planes is largely due to a posteriori defined tests and misinterpretation of results. The analysis of the VPOS in dissipationless cosmological simulations may be summarized as follows -these simulations predict sub-haloes to be distributed anisotropically Cautun et al. 2015) ; however, the degree to which the VPOS is arranged seems to be at odds with ΛCDM (e.g., Pawlowski et al. 2014) . It is of note that the degree of anisotropy is especially pronounced for the more massive satellites (Libeskind et al. 2014) .
Various authors have also examined the effects of baryonic physics as a possible solution to this problem (Libeskind et al. 2007; Sawala et al. 2014 , and others). Sawala et al. (2014 Sawala et al. ( , 2016 argued that many of the discrepancies between the ΛCDM paradigm and observations on sub-galactic scales, such as the Missing Satellites problem (Klypin et al. 1999; Moore et al. 1999; Kravtsov et al. 2004) and the Too Big To Fail problem (Boylan-Kolchin et al. 2011) , can be resolved using hydrodynamical cosmological simulations that are designed to match the Local Group environment and may even play a part in the Planes of Satellites problem. However, Pawlowski et al. (2015) have argued that these resolutions may be problematic. In particular, they find that Sawala et al. (2014) 's resolution of the VPOS problem is due to ignoring the radial positions of the satellites. Moreover, although Sawala et al. performed a hydrodynamical simulation, they did not contrast their results with a dark matter-only simulation, as has been done recently by Ahmed et al. (2016) , who find that the inclusion of baryons significantly changes the radial distribution of the satellites, thereby increasing the significance of planar structures.
It has also been suggested that these planes of dwarf galaxies are tidal dwarfs, having been pulled from the Milky Way during a past interaction with M31 (Kroupa et al. 2005; Hammer et al. 2013; . Therefore, one might expect the planar dwarf galaxies to be distinct from off-plane dwarfs due to their different formation histories. However, Collins et al. (2015) found that there is no difference in the observed properties (sizes, luminosities, masses, velocities, metallicities and star formation histories) for the on and off plane dwarf galaxies in M31.
Yet another class of solutions lies in the as yet unknown form of the dark matter particle. Solutions which use dissipative dark matter physics may be able to explain planar structures and solve other issuers such as the Missing Satellites problem but full simulations have yet to be performed (Randall & Scholtz 2015; Foot & Vagnozzi 2016) .
What we seek to do here is to investigate the stability of the VPOS and the membership of the VPOS using the recently obtained Hubble Space Telescope (HST) proper motions of the classical Milky Way satellites. If the VPOS is a serious problem for ΛCDM, one expects that it should persist over a dynamical time and should not be unique to the present day. Dynamical coherence over long time-scales would presumably occur for satellites with aligned angular momentum vectors, as has been claimed by prior work (Pawlowski & McGaugh 2014) , and thus it is critical to examine the long-term stability of this structure. Moreover, there may be certain satellites that drive the appearance of the planar structure at the present day. If so, it is critical to examine whether a subset excluding these satellites resembles cosmological simulations.
A significant recent advance for near-field cosmology are the proper motions that have been obtained using HST for all of the classical Milky Way satellites (Kallivayalil et al. 2013; Sohn et al. 2013 ). These measurements now enable us to calculate realistic orbits for these satellites. Although there are errors associated with the proper motion measurements, several authors have been able to make substantive new inferences. For example, Kallivayalil et al. (2013) found using the third-epoch HST Magellanic Cloud proper motion measurements that periods less than 4 Gyr are ruled out, which is a challenge for traditional Magellanic Stream models. Furthermore, Kallivayalil et al. (2013) found that if one assumes that the Large Magellanic Cloud (LMC) and Small Magellanic Cloud (SMC) have been a bound pair for a few Gyr, then first infall models are preferred. These proper motions can also inform our understanding of the VPOS -both its stability and the membership of the VPOS. When considering a possible plane of satellites, it is imperative to determine which satellites truly belong in such an analysis. In early studies of the VPOS, only position information was available to the authors (e.g. Kroupa et al. 2005; Zentner et al. 2005) ; however, we now have accurate three-dimensional (3D) space and velocity information, which enables one to look at the orbital elements ) and the past orbital history of each member. Much work has been done investigating the previous orbits of these satellites in order to constrain the mass of the Milky Way, the shape, and the extent of the Milky Way's dark matter halo. For example, Sohn et al. (2013) and Boylan-Kolchin et al. (2013) used the motion of Leo I to constrain the virial mass and extent of the Milky Way.
This paper is organized as follows. In §2, we discuss the dissipationless cosmological simulations that were used to compare to the Milky Way sample of dwarf galaxies, our method of plane fitting and the statistic measures used to compare our samples. We also discuss the orbit calculations we performed to analyse the longevity of the VPOS. In §3, we investigate individual members of the VPOS and explore the results of looking at subsets of the classical dwarfs. In §4, we discuss the results of the orbit calculations, the effects of the errors, and limitations of our analysis. Finally, in §5, we discuss the impact of these results, and conclude in §6.
METHODS
The satellites that are used in our analysis are considered the 'classical' dwarf satellites and are the only satellites for which we have reliable proper motion measurements. The position and velocity vectors for the 11 classical satellites are given in Table A1 .
Dissipationless cosmological simulations
Following the work of earlier groups (Kroupa et al. 2005; Zentner et al. 2005) , we compare the Milky Way distribution of satellites to current dark matter simulations of Milky Way-like haloes.
Our first comparison is to Via Lactea II (VLII; Diemand et al. 2007) , where an N -body code was used to model a Milky Way-sized halo to the present epoch (z = 0) using over 200 million particles. The simulations were performed with PDKGRAV (Stadel 2001; Wadsley et al. 2004 ) and adopted the best-fitting cosmological parameters from the Wilkinson Microwave Anisotropy Probe (WMAP) three year data release (Spergel et al. 2007 ): ΩM = 0.238, ΩΛ = 0.762, H0 = 73 km s −1 Mpc −1 , n = 0.951, and σ8 = 0.74. The host halo suffered no major mergers after z = 1.7 and had a host halo mass of M halo = 1.77 × 10 12 M⊙ within a radius of rvir = 389 kpc, making it a good candidate for a Milky Way-like disc galaxy at the present day. VLII has a sub-halo mass resolution limit of M sub = 4 × 10 6 M⊙ and is therefore capable of resolving all the classical Milky Way dwarfs.
We also compare the Milky Way distribution to the simulations performed by Garrison-Kimmel et al. (2014) : Exploring the Local Volume in Simulations (ELVIS). The ELVIS simulations were performed using GADGET-3 and GADGET-2 (Springel 2005) , both of which are tree-SPH codes that follow the dissipationless component with the Nbody method. ELVIS is a dissipationless cosmological simulation with adopted ΛCDM parameters from WMAP -7 (Larson et al. 2011) : ΩM = 0.266, ΩΛ = 0.734, H0 = 71 km s −1 Mpc −1 , n = 0.963, and σ8 = 0.801. Simulations were chosen to be good analogues of the Local Group and had to meet a specific set of criteria based on host mass, total mass, separation, radial velocity, and isolation. In total, 12 pairs of galaxies were simulated to model the Milky Way -M31 system; these 24 haloes were then simulated again in isolation. The isolated simulations were shown to have similar subhalo counts and mass functions. However, sub-haloes in paired simulations were shown to have substantially higher tangential velocities. For the comparisons made in this paper, we choose to compare the Milky Way dwarf population to the high resolution, isolated simulations referred to as iScylla and iHall. These two simulations have a subhalo mass resolution of M sub ∼ 2×10
5 M⊙, while all of the other ELVIS simulations have a mass resolution of M sub > 2 × 10 7 M⊙ and therefore are not capable of resolving all the classical Milky Way dwarfs. These haloes have similar properties to the Milky Way and are good analogues. The properties of the realized haloes from both simulations are given in Table  1. 2.2 Plane fitting: the dwarf galaxies at the present day
The method used to fit planes to distributions of dwarf galaxies in both simulations and the Milky Way is the method of principal component analysis (PCA). The bestfitting plane isn • x =nxX +nyY +nzZ = 0, wheren is the normal vector of the best-fitting plane and X, Y, Z are the coordinate points for a satellite. Note that our solution forces a best-fitting plane to go through the centre since an off-centre solution would not be meaningful. To perform PCA, we evaluate the covariance matrix and perform an eigenvalue analysis. The resulting eigenvector associated with the smallest eigenvalue is the normal of the plane,n, which passes through the origin and ensures that the found plane is the best solution. In other words, a vector pointing along the direction of least variance will be perpendicular to the direction of greatest variance and therefore represents the normal vector of a best-fitting plane. The distance that the i-th dwarf out of N dwarfs lies above the plane is determined, and the total rms distance of the distribution is calculated as a measure of planarity:
However, this comparison is not sufficient to give a full understanding of the distribution as it does not take into account the compactness of the distributions as a more compact distribution will naturally lead to a small Drms regardless of the actual distribution (Kang et al. 2005; Zentner et al. 2005; Metz et al. 2007 ). This effect can be nullified by normalizing Drms by the median radial distance, R med . We define this measure of compactness as Zentner et al. (2005) have defined:
At the current time, the positions of every Milky Way dwarf (both confirmed and unconfirmed) and the best-fitting plane are shown in Fig. 1 . The hypothetical plane is fitted only to the 11 'classical' dwarfs or those dwarfs for which we have proper motion measurements. The data plotted in Fig. 1 are rotated by an angle of φ = 158.0
• about the zaxis so that the best-fitting plane is viewed edge-on. Using a clockwise rotation matrix, the rotated coordinates are found by xrot = x cos φ + y sin φ and yrot = −x sin φ + y cos φ.
The same plane-fitting analysis is also performed on the dark matter simulations described above. To make an accurate comparison to the Milky Way, we perform a series of cuts to the sub-haloes found at the end of each simulation and limit our analysis only to those sub-haloes capable of holding baryonic matter. We limit the sample by selecting sub-haloes that have V peak > 10 km s −1 , V peak being the maximum circular velocity at the point when the sub-halo contained the most mass, and are within 300 kpc. This ensures that we consider all sub-haloes that have enough mass to be considered a dwarf and are within the virial radius of the Milky Way. The resulting total number of sub-haloes for each simulation is displayed in Table 1 , and Fig. 2 visually shows the distribution of sub-haloes that survive our data cuts for the iHall simulation. From these remaining subhaloes, 11 are chosen at random to represent the 11 classical dwarfs and a hypothetical plane is fitted to their positions. This process is then repeated 10 5 times for each simulation. When considering the VPOS, Kroupa et al. (2005) looked at subsets of the dwarf population to see how planelike the structure remained with fewer satellites. This was done by calculating the angle | cos(ω)|, which is calculated here by finding the angle between the normal of the bestfitting plane and the vector pointing to a sub-halo. It is a measurement of the 'thinness' of a plane where a perfectly planar distribution would result in | cos(ω)| = 0 for every object. They ultimately found that the plane-like structure was extremely unlikely to have formed from an isotropic parent distribution. This analysis was revisited by Zentner et al. (2005) , who showed that the null hypothesis posited by Kroupa et al. (2005) was incorrect. Kroupa et al. had used the | cos(ω)| angle from 10 5 satellites: a nearly uniform distribution and correct only in the limit of large sample size. Zentner et al. (2005) corrected this by taking a small subset of an isotropic distribution and then comparing | cos(ω)| to that of the observed VPOS. With the correct null hypothesis, it was found that the Kolmogorov-Smirnov (KS) probability of drawing the Milky Way satellites from the sample of CDM sub-haloes was PKS ≃ 0.15. This was further improved by comparing to a more realistic triaxial halo where it was found that the KS probability was even higher. We repeat this analysis here using the two-sample KS test comparing the values of | cos(ω)| between the observed dwarfs and CDM sub-haloes.
Orbit calculations: the VPOS as a function of time
We also perform orbit calculations using the observed proper motions of the classical satellites. We use the fourthorder Runge-Kutta orbit integrator code developed by Chang & Chakrabarti (2011) to calculate the orbital distribution over time. We employ a static, spherical, Hernquist (1990) potential that has the same mass and inner density slope within r200 as an equivalent NFW (Navarro et al. 1997) profile. The host halo has a mass of M = 1.1×10 12 M⊙ (Watkins et al. 2010; Deason et al. 2012; Wang et al. 2012 ) and a concentration parameter of c = 9.39. These orbit calculations match well with the dark matter simulations described above, which use NFW halo solutions for their host galaxies. The ELVIS haloes have concentration values of c iHall = 5.8 and c iScylla = 9.5 (Garrison- ).
The potential is described by
where a is the scale-length of the Hernquist profile and MT is the normalization to the potential or the total mass. Dynamical friction is also modelled using the Chandrasekhar formula (Besla et al. 2007; Chang & Chakrabarti 2011 ) and the equation of motion has the form
where Msat is the satellite mass, ΦMW(|r|) is the potential corresponding to equation 3 and FDF is the dynamical friction term. The dynamical friction term is given by:
Here, ρ(r) is the density of the dark matter halo at a galactocentric distance, r, of a satellite of mass Msat travelling with velocity v; X = v/ √ 2σ 2 , where σ is the 1D velocity dispersion of the dark matter halo, which is adopted from the analytic approximation of Zentner & Bullock (2003) . The Coulomb logarithm is taken to be Λ = r/(1.6k), where k is the softening length if the satellite is modelled with a Plummer profile.
Masses and proper motions
For Carina, Draco, Fornax, Leo I, Leo II, Sculptor, Sextans, and Ursa Minor, we consider the total dynamical mass out to the maximum radius of the velocity dispersion data (an estimate of the total mass) from Walker et al. (2009) . The Sagittarius dwarf galaxy is in the process of being tidally disrupted and equilibrium mass estimators are particularly ill-suited for this system. Cited progenitor masses have varied over two orders of magnitude for the Sagittarius dwarf (Johnston et al. 1999; Law & Majewski 2010; Purcell et al. 2011) . Chakrabarti et al. (2014) addressed this issue and showed that one may derive joint constraints on the progenitor masses of tidally disrupting satellites by employing the current position and velocity of the Sagittarius dwarf and its maximum radial excursion (estimated from observed tidal debris). The progenitor mass estimate we adopt from Chakrabarti et al. (2014) for the Sagittarius dwarf is 1 × 10 10 M⊙. For the LMC and SMC, we adopt mass estimates from van der Marel & Kallivayalil (2014) , which are 3 × 10 10 and 3 × 10 9 M⊙ respectively. Proper motion data for Ursa Minor, Sculptor, Sextans, Carina, Fornax, and Leo I were gathered from Sohn et al. (2013) . The proper motion measurements for Draco have been vastly improved since prior studies, and we have adopted the values reported in the recent work by Casetti-Dinescu & Girard (2016) . This is also true of the motion of Leo II, which was recently reported by Piatek et al. (2016) to have a proper motion measurement of less than half of its previously reported value. Proper motion values from the LMC and SMC were taken from Kallivayalil et al. (2013) . Finally, for Sagittarius, we adopt the values reported by Massari et al. (2013) , which contain the best estimate of the mean centre-of-mass motion. Their measurements correct for the fact that Sagittarius is large enough on the sky that there are perspective differences for the different fields that are measured and consider the most accurate proper motion measurements of other works as well. The errors of these measurements were obtained by sampling the error in the proper motion measurements directly in 10 4 Monte Carlo realizations, assuming a Gaussian distribution, and then converting into Vx, Vy, and Vz (Sohn, private communication). Probability Density MW -Classical Via Lactea II ELVIS -iScylla ELVIS -iHall Figure 3 . The probability density that a plane fitted to a random distribution of 11 haloes will have a certain thickness for the three dark matter simulations considered in this paper. Thinner distributions will appear to the left-hand side. The Milky Way distribution is shown as the vertical black line and appears to be thinner than most random distributions from dark matter simulations.
MEMBERS OF THE VPOS
Performing the plane-fitting analysis to all the classical dwarfs results in Drms = 21.3 kpc or δ Classical = 0.23. For 10 5 samples of plane fitting in dark matter simulations, the VLII simulation has δVLII = 0.41 ± 0.13, iHall has δ iHall = 0.39 ± 0.11, and iScylla has δ iScylla = 0.41 ± 0.11. These results are graphically shown in Fig. 3 . Thus, the VPOS appears more constrained than the average cosmological simulation but is still well within 2σ of the mean of all the distributions.
The alignment of the VPOS is also more polar than most cosmological simulations predict. We define the angle between fitted planes and the host halo disc as θ and find that θ = 77.3
• for the VPOS in agreement with other work (e.g. Shao et al. 2016) . Planar structures found in simulations tend to lie at shallow angles compared to their host halo, often at angles θ < 45
• (Zentner et al. 2005) . Since the simulations used in this analysis consist of only dark matter, a similar comparison cannot be made here.
The KS test reveals the likelihood that two distributions are identical. Here we compare the values of | cos(ω)| obtained from the Milky Way distribution with the values of | cos(ω)| from each of the 10 5 distributions obtained from simulations and report the mean value. For VLII, we obtain a value of PKS,VLII = 0.50, iHall has P KS,iHall = 0.59, and iScylla has P KS,iScylla = 0.59. This shows that it is very likely that the two distributions come from the same underlying distribution. The above results have been summarized in Table 2. The probability, P , of drawing a thinner distribution, z, from a simulation compared to the observed one is found by computing the total number of thinner distributions over the total. Fig. 3 shows that the Milky Way dwarfs are less planar than 4.2 per cent of CDM distributions, or, in other words, there is about a 1 in 24 chance of drawing a more planar distribution from a CDM simulation. Previous work by Libeskind et al. (2014) has shown that the most massive sub-haloes have a much higher degree of anisotropy than smaller sub-haloes due to a preferential infall with respect to large-scale structure. When we limited our samples to include only the 50 most massive dwarfs, we also find that our random distributions become more planar. For the classical dwarfs, this translates into a 1 in 10 chance of drawing a more planar distribution, more than doubling the probability when compared to the full sample. By limiting the distribution to contain only massive dwarfs, we find a leftward shift in the distributions of Fig. 3 . For the analysis in this paper, we choose to use the full sample of sub-haloes described in Table 1 .
While it does appear that the VPOS is perhaps an uncommon structure, it does not appear to be unique within our results. To understand what drives the uncommon nature of the structure, we look at the population of classical dwarfs and consider a few individual members. Subsets of the VPOS have been considered by others; for example, and Kroupa et al. (2005) considered subsets of the classical dwarf population based on orbital pole calculations. Here we will look at the positions and velocities of the dwarfs to analyse subsets. Fig. 4 shows the velocities of each dwarf and their radial distance.
It is clear from Fig. 4 that all the classical dwarfs, except Leo I and Leo II, lie close to the Milky Way centre and are travelling within the escape velocity. The two dwarfs lie at distances greater than 200 kpc and therefore may drive a tight plane solution. Therefore, Leo I and Leo II appear to be outliers in both position and velocity and deserve closer inspections. Also, depending on the choice of mass for the Milky Way, more dwarfs may loosely bound.
Leo I
A number of authors have argued that Leo I's extreme kinematic properties indicate that it is not a bound satellite of the Milky Way (Sales et al. 2007; Mateo et al. 2008; Rocha et al. 2012; Sohn et al. 2013) . Sohn et al. (2013) performed a proper motion study of Leo I based on two epochs of Hubble ACS/WFC images separated by ∼5 yr time. In their study, they examined the proper motion error space, the star formation history, and the interaction history of Leo I. Sohn et al.'s analysis also showed that Leo I is most likely on first infall, having experienced only one pericentre passage within a Hubble time and appears to be on a parabolic or a nearly bound orbit. Orbit integrations of Leo I match up extremely well with epochs of star formation. A burst of star formation ∼2 Gyr ago corresponds with the moment that Leo I entered the virial radius of the Milky Way. This is then followed by a quenching of star formation ∼1 Gyr ago matching well with a pericentre passage. At the point of pericentre, Leo I would have experienced significant ram pressure stripping, removing the leftover gas from the halo. further showed through orbital pole analysis that Leo I is not aligned with the other satellites of the VPOS and therefore should not be included in analysis.
Leo II
Until recently, the proper motion measurements of Leo II were poorly constrained. It was believed that Leo II had a large tangential velocity (265 ± 129 km s −1 ; Lépine et al. 2011) , which led to an overall velocity measurement of 266± 129 km s −1 . This measurement has been highly refined by Piatek et al. (2016) , resulting in a new tangential velocity of 127 ± 42 km s −1 and a total velocity of 129 ± 39 km s −1 , less than half of the previous measurement but reasonably within the large error range of previous studies. Due to the previous large errors in velocity, Rocha et al. (2012) ignored the velocity measurements and instead looked at the star formation history of Leo II and found that star formation occurred in Leo II up until ∼2 Gyr ago. This led the authors to the conclusion that infall occurred between ∼2 and 6 Gyr ago, indicating a fairly recent merger.
With this new velocity information, we investigate the inclusion of Leo II in a plane-fitting analysis by calculating its past orbital history. The Hernquist model was used in our calculations as described above; however, it was found that when a purely NFW profile or singular isothermal sphere (SIS) profile was used, it had little impact on results. This is due to the large distance at which Leo II interacts with the Milky Way; at such large distances, the different inner slopes of the profiles do not affect the motion of the satellite which mostly sees the Milky Way as a point source. The inclusion of dynamical friction in our model also showed very little effect due to the large distance of Leo II and its small mass. Furthermore, for different Milky Way masses, the results remained nearly unchanged.
Using the new velocity data and errors from Distance from Galactic Centre (kpc)
Mean Values 1 σ 3 σ Figure 5 . Shown are the results of 10 3 realizations of the orbital history of Leo II sampling the proper motions and uncertainties thereof, from t = −2.6 Gyr to the present day (t = 0). The greyscale contours show the relative probability density of an orbit being in a certain location at a given time, and the lines represent the 1σ (blue, dashed) and 3σ (red, dash-dotted) contours within which the orbit realizations are contained. The black line corresponds to the realization using the mean measured values. Piatek et al. (2016) for Leo II (Table A1) , we sampled the ±3σ velocity error space 10 3 times and integrated each realization backward in time. Only the velocity error space was investigated since the position measurement of Leo II is well known. Fig. 5 shows the galactocentric location of Leo II as a function of time, the 1σ and 3σ probability density contours, and the relative probability density contours. Due to errors in velocity, the results diverge at late times, but, in general, most realizations show that Leo II has spent most of its time at distances similar to its current position. At most, Leo II appears to have made only one pericentre passage within the last 2.5 Gyr. Therefore, it seems likely that Leo II is on first infall or has a similar orbital history to Leo I.
Other dwarfs
From Fig. 4 , it appears that there are five other dwarfs that may be close to the escape velocity if the Milky Way is very light (MMW < 1 × 10 12 M⊙). These galaxies include LMC, Sculptor, Draco, Sextans, and Fornax.
From an analysis of radial position, velocity information, star formation history, and comparisons to VLII data, Rocha et al. (2012) were able to estimate the infall times for the classical dwarfs. Based on radial positions and velocities alone, Draco and Sextans likely fell on to the Milky Way more than 8 Gyr ago. From proper motion measurements, the small tangential velocity of Fornax and Sculptor disfavours a recent infall scenario and instead indicates an infall time of more than 5 and 8 Gyr ago, respectively. Furthermore, the presence of old stellar populations with no evidence of stars younger than ∼10 Gyr indicates that Draco and Sculptor have been long-time satellites of the Milky Way having experienced ram pressure and tidal stripping long ago (t infall > 8 Gyr). These results indicate that Draco, Sextans, Fornax, and Sculptor are old mergers that may be part of a long lived structure if it exists.
When examining the proper motions and local environment of the LMC and SMC, studies have found that they are most likely a binary or active merger that is falling on to the Milky Way for the first time (Besla et al. 2007 (Besla et al. , 2010 Kallivayalil et al. 2013 ). Rocha et al. (2012) also found that the large 3D velocity and active star formation seen in the LMC demands a recent merger history of less than 4 Gyr ago. This indicates that the LMC and SMC may not be part of a long-lived structure.
Plane fitting revisited
When we perform the plane-fitting analysis again without including Leo I and Leo II, we find only a slightly different distribution ( Table 2 ). The thickness of the plane decreases to Drms = 20.7 kpc; however, it is now more compact, and therefore the normalized thickness grows to δ = 0.24. This corresponds to a probability of randomly drawing a thinner distribution to about 1 in 19. Another interesting point to note is that the angle between the fitted plane and the Milky Way disc becomes steeper and is nearly perpendicular. Therefore, it appears that Leo I's and Leo II's distant radial locations do not influence a specific polar fit to the VPOS as a similar one is seen even without their inclusion.
If instead we look at only the dwarfs that have aligned angular momentum vectors as pointed out by Kroupa et al. (2005) and , we find almost the same solution as in the case of the classical dwarfs. All of the above distributions are pictured graphically in the lefthand column of Fig. 6 .
The probabilities that are seen in this study are similar to ∼2σ of a normal distribution, which matches fairly well with the distributions in Fig. 3 . This indicates that planar distributions do not appear to be rare in ΛCDM simulations. Pawlowski & McGaugh (2014) have also performed an analysis of ELVIS data, but found that the structures in that data set did not match the VPOS. However, their analysis did not consider the compact distribution of the Milky Way sample. Their sub-halo selection also differed from this one as they chose only the largest 11 satellites remaining after obscuring a region to correspond to a galactic disc, while the analysis in this paper is left open to a random sampling of the sub-haloes remaining after imposing a cut on V peak and radial distance. Furthermore, the ELVIS simulations used by Pawlowski & McGaugh (2014) were not of a high enough resolution to resolve sub-haloes that are comparable to the smaller classical dwarfs such as Leo II.
It is also worth while to discuss the other members of the VPOS as much work has been done investigating their inclusion. As mentioned earlier, the proper motions and local environment of the LMC and SMC indicate that they are most likely a binary or active merger that is falling on to the Milky Way for the first time. Other dwarfs appear to have orbits that carry them away from the VPOS, such as Ursa Minor (Piatek et al. 2005) and Fornax (Piatek et al. 2007 ). Orbital pole analysis has also shown that Sagittarius is on a polar orbit but lays at an approximate right angle to both the VPOS and the Milky Way disc (Palma et al. 2002) , Table 2 . Plane-fitting results. Column 1 gives the distribution on which the analysis is done. Column 2 gives the Drms thickness of a theoretical plane fit to sub-haloes. For the Milky Way, this is done to the classical or remaining dwarfs; for dark matter simulations, this is done to a random drawing of 11 sub-haloes, as described in the text. Column 3 gives a measure of the thickness as normalized by the median distance of the distribution, as defined by equation 2. Column 4 shows the probability, P , of randomly drawing a distribution, z, from a simulation that is thinner than the observed distribution. Column 5 gives the KS probability that the Milky Way sample is from the same distribution as dark matter simulations. Column 6 is the angle between the theoretical plane fit to the Milky Way dwarfs and the Milky Way stellar disc.
Distribution
Drms which may have been caused by it being scattered into it's current position by an encounter with the LMC/SMC (Zhao 1998) . Without including the above-mentioned dwarfs, there remains only four dwarfs not affected by these results: Sculptor, Draco, Sextans, and Carina. Since the minimum number of objects needed to perform a KS test is six and fitting a plane to four objects leads to little insight, we do not perform further analysis on the reduced population.
STABILITY OF THE VPOS
Another important question to address is whether or not the VPOS is a long-lived structure or a temporary alignment. For the 11 classical dwarfs, proper motion measurements have been made and are listed in Table A1 . Using the test particle code developed by Chang & Chakrabarti (2011) described above, we have simulated the orbits of the classical dwarfs backward in time (Fig. 6, top row) . Also shown in Fig. 6 are the orbit integrations when considering the classical dwarfs minus Leo I and Leo II (second row) and the distribution of dwarfs that have aligned orbital poles (third row).
The plane-fitting solution is essentially the same at the current time in all cases, with a nearly polar fit to the distribution and similar probabilities for drawing a more planar distribution from a simulation (Fig. 6, left-hand column) . For every case, within 0.5 Gyr (half a dynamical time), the distribution becomes wider, and the likelihood of drawing a more planar distribution increases by a factor of ∼5. At 1 Gyr, all the distributions appear to grow slightly thinner and tend towards a more coplanar solution.
The influence of observational errors in orbit calculations
Since the errors in the proper motion measurements are quite large for some of the dwarfs we investigate further to understand how much observational errors influence our results. To test this, we set up a ring of 11 evenly spaced particles at radius r = 150 kpc with a circular velocity. The simulation was then run for 10 Gyr to ensure that stability was maintained. The dynamical time for a ring of radius 150 kpc is:
We begin with a ring of particles and introduce simulated observational errors which inevitably causes our perfect ring of particles to disperse. As a result, the ring will grow in width and the amount by which the distribution is constrained to the shape of a ring is defined by Equation 2. Eventually, at very late times and with large errors the particles will disperse to the extent that their distribution is better described as a disc rather than a coherent ring. The moment when this transformation takes place is best described as when the 3σ thickness of the ring is comparable to the median radial extent of the particles. We therefore define the criteria that δ < 0.33 describes a well-constrained ring.
Introduction of errors is done by percentages; we assume that there is a certain amount of error in each component of radius and velocity. We then randomly sample the ±3σ error space associated with a percentage of the true value for each component and repeat the simulation 100 times for each percentage, the results are given in Table 3 . The HST proper motion measurements have larger errors in velocity than in the positions of the dwarfs. Therefore, we use the average error in position and only vary the percentage error in velocity. To examine the impact of the measured position errors, we simulated the worst-case scenario based on Draco, which has a radial distance of 93 ± 4 kpc corresponding to an error of 4.3 per cent. When this percentage was used for each component of position with no velocity errors, almost no impact on the ring structure was found. The median error of each position component for the classical dwarfs is ∼3.5 per cent; we therefore used this for the position errors for all simulations.
It was found that even with 100 per cent error in each component of velocity, the ring maintained coherence past t = −0.5 Gyr. For velocity errors up to 50 per cent, the ring maintained coherence past t = −0.75 Gyr, and for errors up to 30 per cent, the ring maintained coherence longer than a dynamical time. Looking at the velocity measurements of the classical dwarfs, we see that 8 of the 11 have velocity errors that are under 100 per cent in each component. Ursa Minor, Sculptor, and Carina fail this criteria. Interestingly, Second row: the classical dwarfs minus Leo I and Leo II. Third row: only the classical dwarfs that have aligned angular momentum vectors as defined in . Fourth row: only the classical dwarfs that have proper motion measurements accurate enough to be trusted in orbit integrations beyond 0.5 Gyr. This is the only distribution that does not show a dramatic increase in significance at t = −1 Gyr. In all panels: blue dots represent Milky Way dwarfs, the thick black line represents the Milky Way stellar disc, the thin black line represents the hypothetical best-fitting plane viewed edge on, the dashed lines represent the rms thickness of the best-fitting plane, and the probability of drawing a more planar distribution from a simulation is shown (see Section 3). The simulation time is shown at the top of each column. Sextans has the largest error in velocity measurements but passes our criteria for being trustworthy up to 0.5 Gyr. Only three dwarfs pass the criteria for integrations lasting up to 1 Gyr: Sagittarius, LMC, and Draco. All other dwarfs have large uncertainties in general or have at least one small velocity component that is very uncertain. These results indicate that 8 of the 11 classical dwarfs have errors that can be trusted in integrations beyond 0.5 Gyr: Sagittarius, LMC, SMC, Draco, Sextans, Fornax, Leo II, and Leo I. To reduce the amount of error entering our orbit calculations and to test whether the plane loses significance due to a few high-error dwarfs, we restrict ourselves to the dwarfs mentioned above and integrate the orbits again to see if coherence is maintained (Fig. 6, bottom row) . We find that they too more or less follow the same trends as the other distributions. Interestingly, however, at t = −1 Gyr, we find that the significance of the plane remains the same rather than increasing as the other populations do.
These results also indicate that our integrations cannot be fully trusted up to 1 Gyr, especially those that contain the high-error dwarfs, Ursa Minor, Sculptor, and Carina, but can be trusted up to 0.5 Gyr. Therefore, the trends that are seen at t = −0.5 Gyr are indicative of the true solution.
Limitations
There are many factors that may influence the outcome of our orbit integrations. First, the shape of the Milky Way halo is currently very uncertain. It is almost certainly nonspherical, but the extent and the orientation of the halo has varied significantly in studies (e.g. Law & Majewski 2010; Loebman et al. 2012; Debattista et al. 2013; Deg & Widrow 2014; Bovy et al. 2016 ). There are also observed differences between the shapes of haloes in simulations compared to observations since simulations mainly find triaxial haloes and observations mainly find spherical haloes (Debattista et al. 2008 ). It appears that the presence of baryons condensing within haloes works to make haloes rounder, at least in their central regions (Debattista et al. 2013) . It may be the case that the haloes have spherical cores that become triaxial at large distances, in which case, a non-spherical halo may work to shepherd sub-haloes into a preferred axis. Shao et al. (2016) studied how likely it was to have satellite systems nearly perpendicular to the disc of their central galaxies, and found that it occurred ∼20 per cent of the time in simulations. Here we have assumed spherical haloes; however, the plethora of proper motion data that Gaia will deliver should serve to constrain the true shape of the Milky Way potential in the near future (Price-Whelan & Johnston 2013; Price-Whelan et al. 2014; Bovy et al. 2016) .
Another factor that influences our simulations is our choice of Milky Way halo mass, which is also very poorly constrained. Through a multitude of methods, the Milky Way mass has been estimated to be ∼ (0.7 − 2) × 10 12 M⊙ (Watkins et al. 2010; Deason et al. 2012; Wang et al. 2012; Boylan-Kolchin et al. 2013) , although measurements can vary quite dramatically (see fig. 1 of Wang et al. 2015) . Many of these estimates use measurements of the mass from the inner 10-50 kpc and extrapolate to the full halo and are therefore highly effected by the choice of the Milky Way halo shape. To investigate the impact of our choice of halo mass, we varied the mass in the range of ∼ (0.7 − 2) × 10 12 M⊙. At t = −0.5 Gyr, almost no effect between simulations was seen; however, by t = −1 Gyr, the effect was visible. For lower halo mass simulations, the distribution was significantly more dispersed than higher halo mass simulations. With a lower Milky Way mass, satellites experience longer orbits as more dwarfs are travelling closer to the escape velocity. Therefore, it seems that between the limitations imposed by observational errors in proper motion measurements and the uncertainty in halo mass, orbit integrations can be trusted only up to ∼500 Myr.
DISCUSSION
We have compared the Milky Way distribution of massive dwarf galaxies to distributions of sub-haloes in CDM simulations. It is interesting to note that a relatively few sub-haloes in simulations are travelling in excess of the escape velocity, while it appears that perhaps two dwarfs of the Milky Way do. VLII, for example, has almost none (∼1 per cent) and Fig. 2 shows that the ELVIS simulations form relatively few; furthermore, recent work by Boylan-Kolchin et al. (2013) found almost none in the simulations that they analysed. It is important to consider if high-velocity dwarfs near the escape velocity of their hosts contribute to plane-like structures due to their large radial extents. When the highvelocity, distant dwarfs of the Milky Way were removed (Leo I and Leo II), we found almost no difference in our plane-fitting solution. Also, when we limit our analysis to include only random selections that include at least one high-velocity dwarf, we find that structures become only marginally more planar. Although, this may be connected to another underlying discrepancy between simulations and observations: Milky Way dwarfs are more centrally located. Simulations tend to have most sub-haloes at large distances, while the Milky Way dwarfs are tightly clustered near the centre, nine within 150 kpc (Kravtsov et al. 2004 ). This effect can be seen in Fig. 2 where the largest concentration of sub-haloes is at a large radial distance, this is especially evident with massive sub-haloes. In this study, we have limited our halo selection to choose only those haloes that have V peak > 10 km s −1 , which helps to remove a radial bias from our sample that would be present if we limited our sample by Vmax, the maximum circular velocity of a sub-halo at the current time. However, this still leads to a slightly radially extended solution because of resolution issues near the centres of massive haloes. Although, Kravtsov et al. (2004) were able to match the Milky Way distribution well with their model, which found that only the largest sub-haloes were able to accrete enough matter to form successful galaxies before being tidally stripped to the smaller masses we observe today. It must be realized that there exists some observation bias to observe only those dwarfs above and below the plane of the Milky Way (Mateo 1998) , although these areas are now starting to be explored (Chakrabarti et al. 2015 (Chakrabarti et al. , 2016 . The current dearth of Milky Way satellites close to the plane (Mateo 1998) and that lack of observational surveys probing Galactic sub-structure at low latitudes may mean that we have missed some massive Milky Way dwarfs close to the Galactic plane (Chakrabarti & Blitz 2009 , 2011 . Furthermore, there is evidence that the Milky Way sample is far from complete. Yniguez et al. (2014) looked at the distribution of satellites around the Milky Way and M31, and found that within 100 kpc, the two distributions were remarkably similar but differed greatly at larger radii, indicating that our census of the bright Milky Way dwarfs is significantly incomplete beyond ∼100 kpc. Willman et al. (2004) also argue that the Milky Way sample is incomplete due to obscuration and insufficient survey depth; therefore, the true number of dwarfs could be as much as three times larger than the current count. Recently, Homma et al. (2016) reported the detection of an ultrafaint dwarf galaxy at a heliocentric distance of 87 kpc with the Subaru Hyper-Suprime Camera. They also point out that at the magnitude it was detected, SDSS has a completeness depth of only 28 kpc, meaning that even for dedicated surveys, dwarf galaxy detection is still incredibly difficult and far from complete.
However, if deeper surveys do not uncover a similarly large number of bright satellites at large Galactocentric distances as we see in cosmological simulations, then we have to conclude that this is a real discrepancy. Kroupa et al. (2010) have argued that this discrepancy suggests that a new solution using modified Newtonian dynamics (MOND) is needed on galactic scales to explain the distribution and number of satellites. Another solution is that torques from the baryonic components cause the satellites to lose angular momentum and spiral inwards. The majority of hydrodynamical, cosmological simulations do not produce sufficiently extended HI discs as in the observed Local Volume, so the lack of extended baryonic components in simulations (or the socalled angular momentum problem) may well be responsible for this problem (Guedes et al. 2011) . If this is the cause, then one would expect to see a similarly compact structure in high-resolution hydrodynamical cosmological simulations that do have extended baryonic components, and it may be the case that spiral galaxies with extended HI discs have more compact satellite distributions. Therefore, an interesting simulation to consider is Illustris (Genel et al. 2014) , which includes both baryonic and dark matter. However, the resolution of Illustris allows only the detection of dwarfs down to a mass of ∼ 2 × 10 7 M⊙ (Haider et al. 2016) . At this resolution, only galaxies larger than Ursa Minor would be detected. Simulations do not yet realistically represent physical processes that could make dwarfs spiral in more quickly or completely disrupt faster than expected.
Planes of satellites similar to the observed Milky Way and M31 planes have been studied in detail in dark matteronly simulations by Buck et al. (2015 Buck et al. ( , 2016 . Similar to this study, they found that these planes are not uncommon but are unstable and quickly disrupt. However, it has also been argued that the distributions of satellites found between dark matter-only and baryonic+dark matter simulations are inherently different (Ahmed et al. 2016) . Although the results in this paper contest with those found by Pawlowski & McGaugh (2014) , it is agreed that there is a need for high-resolution simulations that include both dark and baryonic matter.
The eight classical dwarfs that were found to have reliable proper motion measurements were shown to lose significance within 0.5 Gyr, which is within the time that their orbit integrations were found to be trustworthy. Beyond that, those dwarfs continued to show a low significance even up to 1 Gyr unlike the other distributions that were studied (Fig. 6) . In order to more definitively say that the structure is not coherent, more accurate proper motions of all the dwarfs are needed, especially those dwarfs that have poorly constrained velocity components such as Ursa Minor, Sculptor, and Carina. However, in order to analyse the orbits of all the dwarfs beyond 0.5 Gyr, accurate proper motions of SMC, Sextans, Fornax, Leo II, and Leo I will also have to be achieved. All of these dwarfs have at least one velocity component that has an uncertainty nearly equal to or greater than it's magnitude. It appears that directionality is very important since the direction of a velocity component with a large uncertainty can flip, which will lead to very different solutions.
Truly understanding the orbital history of a dwarf like Leo II is especially complicated. Because of its great distance from the Milky Way, large errors in velocity result in a large volume of error space unlike Sextans, for example, which is the least constrained dwarf in velocity but lies within 100 kpc of the Milky Way and will therefore lie closer to any planar solution due to its proximity to the centre. Previous work has shown that possibly only four dwarfs truly belong to a planar structure: Sculptor, Draco, Sextans, and Carina, three of which have proper motions that are the most poorly constrained. While an alignment of four dwarfs would be unique, it would not threaten to falsify ΛCDM as an entire VPOS may but maybe instead indicate a large merger event in the past.
The era of large scale surveys and accurate proper motion studies like the Large Synoptic Survey Telescope (LSST) and Gaia will inevitably help solve this problem as well as add more VPOS dwarfs to the list of satellites for which we have accurate proper motions. Proper motions of dwarf galaxies are exceedingly difficult to obtain. Without these measurements, it is difficult to distinguish between dwarf galaxies located in a coherent structure and dwarfs that happen to align momentarily. However, as surveys and observations continue to improve we are able to detect more dwarf galaxies around neighboring hosts and may begin to infer the presence of more dwarf planar structures. When observing multiple systems for the same phenomenon, one must consider the "look elsewhere effect" which explains that expanding your search area includes increasing your chances of seeing more statistical fluctuations (e.g. Way et al. 2012) . In other words, observing multiple significant events is not as unlikely as seeing just one significant event when you continue to broaden your search. This effect can be quantified through the use of the trials factor which defines the probability of falsely defining a distribution as significant by the sum of the probabilities.
Where p is the probability of falsely judging a distribution as significant and N is the number of trials. For our case, the VPOS is located 2.03σ away from the mean of Fig.  3 (or p = 0.0424). Ibata et al. (2013) and Conn et al. (2013) showed that 15 of the 27 known dwarfs around M31 are aligned in a plane of thickness, Drms = 12.34 kpc or δ = 0.12. This means that the plane around M31 is located 3.43σ away from the mean (or p = 0.0006). Here, p represents the number of simulated planes thinner than the observed distribution over the total number of simulated planes. Therefore, if we were to judge these results as significant alignments then the probability that one or both of them are actually false positives is Prob(false +) = 0.043 = 4.3 per cent.
CONCLUSIONS
Our main results and conclusions are as follows:
• We have analysed the Milky Way distribution of classical dwarf galaxies and compared it to distributions of sub-haloes in CDM simulations. Plane fitting was performed using PCA. We compared the Milky Way distribution to the VLII (Diemand et al. 2007 ) and ELVIS ) dark matter-only simulations. Fig. 3 shows that most solutions from simulations form relatively poor planar structures with a normalized thickness of δ ∼ 0.40. However, the Milky Way alignment is in rough agreement with this value, lying less than 2σ away from the mean, leading to a probability of drawing a more planar distribution from a simulation to about 1 in 24. When only the 50 largest sub-haloes are considered, the probability of drawing a more planar distribution from a simulation increases to about 1 in 10.
• New proper motion data from Piatek et al. (2016) have significantly improved the accuracy of the proper motion measurements for Leo II. We have presented an orbital analysis of Leo II and find that it has spent much of its time at large distances, making at most one pericentre passage within the last 2.5 Gyr. When this knowledge is combined with information about its star formation history, it appears that Leo II may be on first infall on to the Milky Way halo. Therefore, we argue that Leo II should be excluded from VPOS analyses.
• Due to the distant radial location, high velocity, and star formation history of Leo I, it appears that it too is not part of a long-lived structure.
• When plane-fitting analysis was performed on the remaining classical dwarfs after Leo I and Leo II were removed, a very similar plane was found. This indicates that although Leo I and Leo II are located distantly compared to the other dwarfs, they alone do not drive the polar fit of the VPOS.
• Through the use of the test particle code developed by Chang & Chakrabarti (2011) , we integrated the orbits of the dwarfs backward in time to analyse the stability of the VPOS. We found that the structure became less significant over time. This result was seen for all the subsets considered: all 11 classical dwarfs, Leo I and Leo II removed, and dwarfs with aligned orbital angular momentum vectors.
• We found that adding errors to the components of velocity and radius inevitably led to a loss of coherent structure. For errors up to 100 per cent in each velocity component, coherence was maintained after 0.5 Gyr; for errors greater than 50 per cent, coherence was lost after 0.75 Gyr; and for errors greater than 30 per cent, coherence was lost after 1 Gyr. This shows that eight dwarfs have errors that are constrained enough that orbit integrations can be trusted for up to 0.5 Gyr. Those dwarfs are Sagittarius, LMC, SMC, Draco, Sextans, Fornax, Leo II, and Leo I. When the orbits of these dwarfs are integrated backward in time, they also display a loss of significance well within 1 Gyr. Thus, we find that the VPOS is not a stable structure that maintains coherence or significance.
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• The three remaining dwarfs that have error estimates too large to be trustworthy include Ursa Minor, Sculptor, and Carina. Only three dwarfs have proper motion measurements that are accurate enough to be trusted in orbit integrations beyond 1 Gyr: Sagittarius, LMC, and Draco. The other remaining dwarfs (SMC, Sextans, Fornax, Leo II, and Leo I) suffer from at least one very uncertain velocity component. If the errors on the proper motions of the dwarfs were constrained to a level of ≤30 per cent, our conclusion on the stability of the VPOS would be further bolstered. Table A1 . Information of each of the 11 classical dwarf galaxies ranked by distance. Those dwarfs listed in bold have errors that are accurate enough to be trusted in orbit integrations past 0.5 Gyr (see Section 4.1). In this coordinate system, X points from the Sun to the Galactic Centre, Y points in the direction of galactic rotation, and Z points towards the northern galactic pole. References: (1) Casetti-Dinescu & Girard (2016) (2) Kallivayalil et al. (2013) (Kallivayalil et al. 2013 
